Abstract Chemokines influence HIV neuropathogenesis by affecting the HIV life cycle, trafficking of macrophages into the nervous system, glial activation, and neuronal signaling and repair processes; however, knowledge of their relationship to in vivo measures of cerebral injury is limited. The primary objective of this study was to determine the relationship between a panel of chemokines in cerebrospinal fluid (CSF) and cerebral metabolites measured by proton magnetic resonance spectroscopy (MRS) in a cohort of HIV-infected individuals. One hundred seventy-one stored CSF specimens were assayed from HIV-infected individuals who were enrolled in two ACTG studies that evaluated the relationship between neuropsychological performance and cerebral metabolites. Concentrations of six chemokines (fractalkine, IL-8, IP-10, MCP-1, MIP-1β, and SDF-1) were measured and compared with cerebral metabolites individually and as composite neuronal, basal ganglia, and inflammatory patterns. IP-10 and MCP-1 were the chemokines most strongly associated with individual cerebral metabolites. Specifically, (1) higher IP-10 levels correlated with lower N-acetyl aspartate (NAA)/creatine (Cr) ratios in the frontal white matter and higher MI/Cr ratios in all three brain regions considered and (2) higher MCP-1 levels correlated with lower NAA/Cr ratios in frontal white matter and the parietal cortex. IP-10, MCP-1, and IL-8 had the strongest associations with patterns of cerebral metabolites. In particular, higher levels of IP-10 correlated with lower neuronal pattern scores and higher basal ganglia and inflammatory pattern scores, the same pattern which has been associated with HIV-associated neurocognitive disorders (HAND). Subgroup analysis indicated that the effects of IP-10 and IL-8 were influenced by effective antiretroviral therapy and that memantine treatment may mitigate the neuronal effects of IP-10. This study supports the role of chemokines in HAND and the validity of MRS as an assessment tool. In particular, the findings identify relationships between the immune response-particularly an interferon-inducible chemokine, IP-10-and cerebral metabolites and suggest that antiretroviral therapy and memantine modify the impact of the immune response on neurons.
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Background
Chemokines are multifunctional, immunomodulatory proteins that influence HIV neuropathogenesis by multiple mechanisms. First, chemokines can modify HIV replication (Lane et al. 2003) and disease progression because HIV uses their receptors to enter cells (Alkhatib et al. 1996; Deng et al. 1996; Dragic et al. 1996; Feng et al. 1996) . Second, chemokines can affect macrophage activation (Kaul et al. 2005) and trafficking across the blood-brain barrier (Weiss et al. 1999) . Once in the nervous system, HIV-infected macrophages can produce intact virions and inflammatory neurotoxins (GonzalezScarano and Martin-Garcia 2005) . Third, since most neural cells express chemokine receptors (Bajetto et al. 2001; Gabuzda et al. 1998) , chemokines can affect neuronal signaling and repair in the brain, leading to aberrations in glial and neuronal functions. The evidence supporting these functions derives from multiple sources, including cell culture experiments (Eugenin et al. 2003; Zheng et al. 2001) , human and animal studies of chemokine expression in body fluids (Kelder et al. 1998; Zink et al. 2001; Andersson et al. 1998; Letendre 2005; Sevigny et al. 2004 ) and brain tissue (Sanders et al. 1998; Sui et al. 2003) , and population studies of chemokine-encoding genes (Gonzalez et al. 2002; Letendre et al. 2004) .
Most of the studies that have evaluated chemokines in vivo have compared their concentrations to either clinical dementia staging or performance on neuropsychological (NP) testing. These studies have provided important insights but have limitations since they may be affected by factors such as the effort of the subject, the composition of the testing battery, or the expertise of the assessor. Subjects who have abnormal clinical staging or NP performance seem to have elevated levels of several chemokines, but this finding does not demonstrate whether each protein is functioning in a predominantly neurotoxic, neuroprotective, or bystander role. Imaging methodologies, such as proton magnetic resonance spectroscopy (MRS), may address these limitations.
MRS is a sensitive, reliable in vivo method that detects changes in specific cerebral metabolites, which reflect disturbances in cellular function. MRS can measure several cerebral metabolites, including (1) N-acetyl aspartate (NAA), which reflects neuronal injury or loss, (2) choline (Cho), which reflects membrane remodeling, (3) myoinositol (MI), which reflects osmolar shifts and astroglial proliferation, and (4) creatine (Cr), which reflects cellular metabolism. HIVassociated brain injury is characterized by decreased NAA/ Cr ratios in white matter and increased Cho/Cr and MI/Cr ratios in white matter and basal ganglia (Lee et al. 2003) . Using MRS, our group identified three cerebral metabolite patterns that were associated with the risk of HIV-associated neurocognitive disorders (HAND): a neuronal pattern that was associated with a threefold increased risk, a basal ganglia pattern that was associated with a twofold increased risk, and an inflammatory pattern that was weakly associated with HAND (Yiannoutsos et al. 2004 ).
The primary objective of this study was to evaluate the relationships between chemokine concentrations in CSF and cerebral metabolites measured by MRS. We hypothesized that chemokine concentrations would be associated with the same pattern of cerebral metabolites that is associated with HAND (i.e., lower neuronal pattern scores, higher basal ganglia pattern scores, and higher inflammation pattern scores). We predicted that chemokines would differ in their associations with cerebral metabolite patterns and postulated that those which most closely reflected the pattern associated with HAND may most strongly influence HIV neuropathogenesis. To address these objectives, we selected six chemokines [monocyte chemotactic protein (MCP)-1, interferon-inducible protein (IP)-10, fractalkine (FKN), macrophage inflammatory protein (MIP)-1β, stromal derived factor (SDF)-1, and interleukin (IL)-8] that have been implicated in HAND but differ by the types of cells that produce them, the types of receptors they bind, and the types of cells they attract.
Methods

Subject cohort
Demographic and disease-related data were obtained from AIDS Clinical Trials Group (ACTG) protocol 700, which evaluated the relationship between neurocognitive impairment and cerebral metabolites, as measured by MRS. This protocol provided a single MRS assessment from a group of HIV-infected, neurologically unimpaired subjects, and two repeated MRS evaluations from a group of neurologically impaired individuals enrolled in another ACTG study, protocol 301, a randomized, placebo-controlled 16-week clinical trial of memantine for HAND. This latter subject group had repeated MRS evaluations at visit week 0 (prior to initiation of study drug or placebo) and after 16 weeks of study drug or placebo. In all, there were 129 patients providing data for this study: 30 HIV-infected, neurologically asymptomatic controls and 99 ACTG 301 co-enrolled subjects (48 randomized to the placebo group and 51 to the memantine group; Table 1 ). The local Institutional Review Boards approved the studies at all participating sites. All subjects or their legal guardians gave informed consent prior to screening and enrollment.
Participant assessments HAND was assessed using the AIDS dementia complex (ADC) staging approach according to the guidelines published by Price and Brew (Price et al. 1991) . Magnetic resonance spectroscopy measured four cerebral metabolites (NAA, Cho, MI, and Cr) in three regions of interest (parietal cortex, white matter, and basal ganglia). For the purposes of analysis, NAA, Cho, and MI levels were normalized to creatine levels (i.e., NAA/Cr, Cho/Cr, and MI/Cr ratios were calculated). Composite neuronal, basal ganglia, and inflammatory pattern variables were calculated according to the method of Yiannoutsos et al. (Yiannoutsos et al. 2004) :
Participants who were eligible for this analysis had consented to and successfully undergone lumbar puncture. Cerebrospinal fluid (CSF) specimens were stored at −70°C until they were assayed for six chemokines (FKN, IL-8, IP-10, MCP-1, MIP-1β, and SDF-1) by enzyme-linked immunosorbent assays. Concentrations were adjusted for dilution and for the sensitivities of the assays, which were 30 (FKN), 10 (IL-8), 7.8 (IP-10), 62 (MCP-1), 94 (MIP-1β), and 18 (SDF-1), all expressed in picograms per milliliter. The volume of the 171 stored CSF samples varied from 200 μL to more than 1 mL so the number of chemokines assayed in each sample was determined by a priori prioritization. As a result, the number of concentration values ranged from 53 to 171 across the different chemokines (summarized in Table 2 ). Assay operators were blinded to other study results.
After assay completion, data were combined with demographic data, clinical staging, other disease-related markers, cerebral metabolites, and treatment arm (when applicable). The other disease-related markers included HIV RNA levels, which were measured by RT-PCR in plasma and CSF (Roche, Amplicor, nominal limit of detection 50 copies/mL), and CD4+ lymphocyte counts, which were measured by flow cytometry. The distribution of MIP-1β concentrations was undetectable in 92% of specimens, so it was eliminated from all analyses.
Statistical analyses
All results were considered statistically significant at the 5% alpha level. No adjustment was performed to account for multiple comparisons when, for example, up to 45 correlation coefficients were calculated (three cerebral metabolite ratios multiplied by three regions of interest multiplied by five chemokines) so these results should be interpreted as hypothesis generating. When estimating correlations between measures which were collected repeatedly (at baseline and week 16), we accounted for the within-subject correlation by using the per-subject mean of each measure and estimating the correlation between the means of the measures rather than the measures themselves. As some subjects had two and some only had one observation, we followed the recommendation by Bland and Altman (Bland and Altman 1995) and weighted the correlation analysis by the number of available measures on each subject. A repeated-measures analysis of variance was used to compare chemokine levels between subjects with early versus late ADC stage while accounting for the correlation of measurements obtained repeatedly within the same subject. Table 1 summarizes the demographic and disease characteristics of the 129 subjects included in the analysis. Subjects were mostly middle-aged, white men. Antiretroviral use was common in the cohort, resulting in low HIV RNA levels in most subjects. Most subjects exhibited at least a mild degree of neurological impairment (77%).
Results
Subject characteristics
Chemokine concentrations Table 2 summarizes chemokine concentrations in CSF. Almost all the measured chemokines were within the detectable range in the majority of specimens. The principal exception was MIP-1β, which was undetectable in nearly all (92%) specimens. As a result, MIP-1β concentrations were not included in subsequent analyses.
Relationships between chemokines and either clinical ADC stage or individual cerebral metabolites
Higher levels of FKN were associated with worse clinical ADC stage after accounting for the repeated nature of the data at weeks 0 and 16 (p < 0.001). Using a Box-Cox (logarithmic) transformation on the original FKN levels and after the repeated-measures adjustment, the estimated mean CSF FKN level was108 pg/mL (ADC stage ≥2) versus 34 pg/mL (ADC stage ≤1; Fig. 1 ). No other chemokine was significantly different between mild and more severe ADC patients.
Comparing chemokine concentrations to cerebral metabolites, higher IL-8 levels correlated with higher MI/Cr levels in the parietal cortex (Spearman r = 0.43; p = 0.019). IP-10 levels correlated with lower NAA/Cr ratios in the frontal white matter (r = −0.43, p = 0.003) and higher MI/Cr ratios in the basal ganglia (r = 0.36; p = 0.038) and the parietal cortex (r = 0.44, p < 0.003). Higher MCP-1 levels were associated with lower NAA/Cr ratios in frontal white matter (r = −0.27, p = 0.023) and in the parietal cortex (r = −0.32, p = 0.006). These results are summarized in Table 3 . Levels of chemokines, which were associated with cerebral metabolites at a significance level between 5% and 10%, are also shown.
Relationships between chemokines and patterns of cerebral metabolites To account for the use of medications that might confound the relationships between chemokines and cerebral metabolites, we performed two subgroup analyses. First, to account for the potentially confounding effect of antiretroviral therapy (ART), we limited the analysis to only those subjects who were taking no or failing ART, as evidenced by having detectable HIV RNA levels in plasma. In this subgroup, IL-8 no longer correlated with the inflammatory pattern scores, MCP-1 no longer correlated Mean within-subject CSF FKN levels (pk/mL) ADC status (Early versus Late stage) Fig. 1 Box plot of mean within-subject CSF FKN levels between HIV-infected subjects who were neurologically normal or had slight neurological impairment (ADC stage ≤1) and patients with advanced neurological impairment (ADC stage >1) with the neuronal pattern score, and the relationship between IP-10 levels and the neuronal pattern score was attenuated (r = −0.29; p = 0.13). Together, these weakened associations in individuals with detectable HIV RNA levels suggest that ART influences the relationships between chemokines and cerebral metabolites. Next, to account for the potentially confounding effects of memantine, we repeated our analysis in the subgroup of subjects who were not taking memantine. In this subgroup analysis, the correlation between IL-8 and the inflammatory factor score appeared to be maintained (r = 0.50, p = 0.11) while the correlation between IP-10 and the neuronal factor score appeared to strengthen (r = −0.66; p = 0.001), indicating that memantine use may mitigate IP-10-associated neuronal injury. The correlation between MCP-1 and the neuronal pattern score did not meet statistical significance in this subgroup or the complementary subgroup of individuals who took memantine.
Discussion
Our observations support several hypotheses about the predominant in vivo effects of the study's targeted chemokines. Specifically, our analyses support that IP-10 and MCP-1 are predominantly neurotoxic because they were associated with evidence of neuronal loss (evidenced by their negative correlations with NAA/Cr ratios and IP-10's correlation with neuronal factor scores). On the other hand, the role of FKN is less clear as FKN levels were associated with more severe ADC and with MRS evidence of inflammation, but not with MRS evidence of neuronal injury or loss. IL-8 levels were also associated with inflammation, as evidenced by positive correlations with inflammatory factor scores and MI/Cr ratios, but also had no evidence of association with factors of neuronal loss. SDF-1 was not associated with individual metabolites or patterns of cerebral metabolites, and MIP-1β was below detection in too great a proportion of subjects in this heavily treated cohort to reliably assess its association with cerebral metabolites.
Particularly noteworthy was the finding that IP-10 was associated with the same pattern of cerebral metabolites found in individuals with HAND, implicating interferon pathways in HIV neuropathogenesis. In the brain, IP-10, or CXCL10, is expressed by astrocytes and microglia and can attract T lymphocytes and monocytes/macrophages (Taub et al. 1993) . Its expression can be induced by type I or type II interferons (Neville et al. 1997) , gp120 (Asensio et al. 2001) , or tat (Kutsch et al. 2000) . Its receptor, CXCR3, is expressed on neurons but is not a primary co-receptor for HIV cell entry. While some evidence supports that IP-10 may be neuroprotective (Narumi et al. 2002) , the preponderance of published data support its neurotoxic properties. For example, IP-10 can stimulate HIV replication (Lane et al. 2003) , is associated with accumulation of activated T cells in the CNS (Kolb et al. 1999) , is markedly upregulated in brains of r=-0.41 p=0.006 r=-0.31 p=0.008 r=0.42 p=0.045 Fig. 2 Graphical depictions of the relationships between Box-Coxtransformed MCP-1 (left panel) and IP-10 levels (middle panel) with neuronal pattern scores and IL-8 levels with inflammatory pattern scores (right) macaques with SHIV encephalitis (Sui et al. 2003) , and is elevated in the CSF of subjects with HIV-associated neurologic disorders (Kolb et al. 1999) . The findings for this interferon-inducible protein are consistent with the transgenic mouse models which have implicated type I interferons in HIV neuropathogenesis (Campbell et al. 1999) .
The association between FKN and more severe ADC but only with MI/Cr ratios raises questions about the mechanisms by which FKN might influence neurocognitive functioning. In vitro data have identified that astrocytes can produce FKN during chronic inflammation (Erichsen et al. 2003) . While FKN can also result in acute neuronal injury in vitro, the absence of associations with NAA/Cr ratios or neuronal factor scores in the current project suggests that FKN may adversely affect neurons by a mechanism that does not result in their loss.
Our findings stand in contrast to many prior in vivo studies of chemokines in HIV neuropathogenesis, which compared chemokine concentrations to either clinical dementia stage or neuropsychological performance. The findings of Chang et al. stand as an exception, identifying a relationship between a single chemokine, MCP-1, and individual cerebral metabolites . Our findings are consistent with and extend these findings by identifying relationships between cerebral metabolite patterns and three additional chemokines. Recent studies have also identified that antiretroviral therapy may confound the relationships between chemokines and HIV-associated neurocognitive impairment (Sevigny et al. 2004 ), a conclusion supported by our findings as well.
Our study supports several additional hypotheses. One is that MRS may be a more sensitive outcome measure in studies of HAND than clinical staging. In our analyses, worse ADC stage was associated with higher levels of one chemokine (FKN), but MRS identified three additional chemokines as possibly involved in HIV neuropathogenesis. Another clinically relevant hypothesis is that chemokines are differentially affected by successful antiretroviral therapy. MIP-1β was rarely detectable in this highly treated cohort, but two neurotoxic chemokines, IP-10 and MCP-1, were detectable in almost all specimens assayed. These findings support that some, but not all, chemokines may still have important predictive ability in treated individuals, which is consistent with the findings of Gisolf et al. (2000) and Sevigny et al. (2004) .
This study has important limitations that could affect interpretation of its findings. Most importantly, the large number of statistical comparisons, which were not adjusted for this study, implies that some statistically significant results may have been erroneously detected (i.e., false positive results). For this reason, this study should be viewed as a hypothesis-generating investigation, which must be replicated in a larger patient cohort. In addition, this was a post hoc analysis. Since these analyses were not planned contemporaneously with the parent studies, this substudy suffered from incomplete availability of stored specimens, which in turn led to imbalances in measurements across chemokines and resulted in small sample sizes in some analyses. Consequently, the power to detect associations with cerebral metabolites probably differed between chemokines: those that were measured in a larger number of specimens (e.g., MCP-1) likely had greater power to detect an association than those that were measured in a smaller number of specimens (e.g., FKN). The fact that our analyses implicated two chemokines that were not measured in the largest number of specimens (IP-10 and FKN) as being possibly involved in HIV neuropathogenesis suggests that this issue did not severely limit our ability to extract useful conclusions from these data. Finally, the use of antiretrovirals and adjuvant neurological treatment may have also influenced our results. Antiretroviral use was very common and, by design, half of the subjects in ACTG 301 took the NMDA receptor antagonist, memantine. We attempted to limit the potentially confounding effects of these medications by performing subgroup analyses. Overall, the results of the subgroup analyses suggested that ART and memantine influenced the associations between chemokines and MRS findings. Attenuations of the correlations between chemokines and cerebral metabolite patterns may have resulted from the reduced power of the subgroup analyses relative to analyses of the entire group.
We conclude that the comparison of chemokine concentrations to in vivo cerebral metabolite measurements can provide important validation of in vitro findings by enabling inferences about the biological balance of the multiple effects of chemokines in chronically HIV-infected, antiretroviraltreated individuals. Overall, our findings support neurotoxic roles for MCP-1, IP-10, and FKN in HIV neuropathogenesis. In particular, we conclude that interferon pathways, as reflected by the interferon-inducible protein, IP-10, may particularly influence HIV neuropathogenesis.
